We and others have shown increased risk of monoclonal gammopathy of undetermined significance (MGUS) in first-degree relatives of patients with multiple myeloma (MM). Whether familial risk of MGUS differs by the MM proband's age at onset, tumor or clinical characteristics is unknown. MM and smoldering MM (SMM) cases (N = 430) were recruited from the Mayo Clinic in Rochester, Minnesota between 2005-2015. First-degree relatives over age 40 provided serum samples for evaluation of MGUS (N = 1179). Age and sex specific rates of MGUS among first-degree relatives were compared to a population-based sample. Cytogenetic subtypes were classified by Fluorescence in situ hybridization. MGUS was detected in 75 first-degree relatives for an age-and sex-adjusted prevalence of 5.8% (95% CI: 4.5-7.2). Prevalence of MGUS in firstdegree relatives was 2.4 fold (95% CI: 1.9-2.9) greater than expected rates. Familial risk did not differ by proband's age at diagnosis, gender, isotype, IgH translocation, or trisomy. This study confirms first-degree relatives of MM cases have a significantly higher risk of MGUS compared to the general population, regardless of age, gender, or tumor characteristics. In selected situations, such as multiple affected first-degree relatives, screening of first-degree relatives of MM cases could be considered for follow-up and prevention strategies.
Introduction
Multiple myeloma (MM) is a result of a malignant transformation of plasma cells, characterized by complex cytogenetic and molecular genetic aberrations [1] [2] [3] . MM is preceded by the presence of an asymptomatic clonal plasma cell expansion, a condition referred to as monoclonal gammopathy of undetermined significance (MGUS), which progresses to symptomatic MM at a rate of 1% per year [4, 5] . MGUS is the most common plasma cell proliferative disorder and is prevalent in 3% of the general population older than 50 years of age [4] [5] [6] [7] [8] . The prevalence of MGUS increases from 1.7% in those 50-59 years of age to more than 5% in those older than 70 years [4] [5] [6] [7] [8] . Men have a higher prevalence of MGUS than females, regardless of age [6, 8] .
Familial aggregation of MM [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and MGUS [9, 14, 16, 23] has been reported in the literature, suggesting a shared genetic susceptibility. Familial aggregation of MM and MGUS with other B-cell malignancies, as well as solid tumors, has also been reported [19, [24] [25] [26] . Studies that specifically investigated family history of MM demonstrate a 2-4-fold increased risk of MM among those with an affected first-degree relative [24, 25, 27] . Until the recent studies by Vachon et al. [8] and Landgren et al. [23] , the risk of MGUS in family members of patients with MM and MGUS was largely not known. These studies demonstrated 2-3 fold increased risk of MGUS in first-degree relatives of MM or MGUS probands [8, 23] and established family history of MM/MGUS as a risk factor for MGUS.
Familial MM/MGUS may represent a more aggressive disease, as hereditary diseases often have earlier onset and worse prognosis relative to sporadic disease [28, 29] . MM is known to be a collection of cytogenetically distinct diseases [1, 30] , with 40-50% of MM cases having a reciprocal translocation involving the IgH locus at chromosome 14q32 and most of the remaining patients having trisomies. In a small proportion of cases, both IgH abnormalities and trisomies are found [31, 32] . These primary MM cytogenetic subtypes are associated with differential prognosis [1, 2, 32, 33] . For example, translocations t(4;14)(p16;q32) and t(14;16)(q32;q32) are associated with adverse prognosis [2, 33, 34] . A more favorable prognosis occurs in patients with trisomies and translocation t(11;14)(q13;q32) [2, 33, 34] . As disease progresses, secondary aberrations develop and these further differentiate prognosis [2, 33] . Familial aggregation may differ by tumor types, defined by specific translocations or trisomies present in MM [35] . Contrary to our hypothesis that familial MM may be more aggressive, an earlier pilot study by our group evaluated the association of family history of MM or MGUS in first-degree relatives across cytogenetic subtypes and suggested that MM probands who had an affected first-degree relative with MGUS or MM were more likely to have trisomy (47%) compared to those without a family history (34%, P = 0.13) [35] .
Given these conflicting findings, our goal was to confirm familial aggregation of MGUS with MM and SMM, and to examine differences in risk of MGUS in first-degree relatives of MM/SMM probands by age at onset, tumor and clinical characteristics. Understanding risk of MGUS by family history status could impact risk stratification and screening recommendations for relatives of MM patients in the clinical setting.
Materials and methods
The Mayo Clinic Institutional Review Board approved this study design and conduct. Informed consent was obtained from all participants in this study, in accordance with the Declaration of Helsinki [36] .
Study probands
Pathologically confirmed MM and SMM patients were recruited at Mayo Clinic in Rochester, Minnesota between 2005 and 2015. Participants completed a health history and family history questionnaire, the latter which solicited the names and addresses of first-degree (siblings, children, parents) blood-related family members ages 40 years and older. Our sample included the population used in Vachon et al. (2009) [8] which previously recruited 205 probands and 619 first-degree relatives, referred to as Mayo 1. New recruitment efforts spanned through 2015 collected 225 additional probands and 560 first-degree relatives, referred to as Mayo 2. The total combined sample size for this study therefore included 430 myeloma probands (400 MM/30 SMM) and 1179 first-degree relatives of the probands (Supplemental Table 1 ).
First-degree relatives
All first-degree relatives ages 40 years or older were mailed an invitation and consent form. Upon receipt of the completed consent form, a questionnaire, and blood kit were mailed to the participant. Serum samples were spun down after draw and returned to Mayo for processing.
Serum protein electrophoresis
As described previously [8] , all serum samples were processed and analyzed in an identical fashion and in the same laboratory (Mayo Clinic Protein Immunology Laboratory, Rochester, Minnesota) as the prior population-based study of MGUS in Olmsted County, Minnesota (reference population) [4] . Serum protein electrophoresis was performed on agarose gel (Helena Laboratories). The agarose strip was inspected by a technician and by 2 of the authors (RAK and JAK) who were blinded to participant characteristics, including family history. Any serum with a discrete band or thought to have a localized band was confirmed and typed by serum immunofixation (Hydrasys and Hydragel; Sebia). MGUS was defined in accordance with the standard definition used in the Olmsted County prevalence study [4] . Comparisons of prevalence between first-degree relatives and the Olmsted County reference population were based on MGUS cases identified through this diagnostic strategy.
Cytoplasmic immunoglobulin fluorescence in situ hybridization (cIgFISH) and cytogenetic subtypes Cytogenetic subtypes were defined clinically using cIgFISH test [37, 38] . Briefly, bone marrow aspirates were evaluated by immunofluorescent labeled antibody against cytoplasmic kappa and lambda immunoglobulin light chains to selectively identify the plasma cell population. The following fluorescence in situ hybridization (FISH) probes were evaluated, including: translocations of the immunoglobulin heavy chain gene region (IGH) using a break-apart IGH probe and a dual-fusion FISH (D-FISH) probe for the five common IGH partners (CCND1, CCND3, MAF, MAFB, FGFR3); Centromere probes (D3Z1, D7Z1, D9Z1, D15Z4, D17Z1) for copy number gain of chromosomes 3, 7, 9, 15, and 17; Locus-specific probe strategies for 17p deletion (D17Z1, TP53), 1q duplication (TP73, CKS1B) and monosomy 13/deletion 13q (RB1, LAMP1).
For each probe set, 50-100 plasma cells were evaluated if available, with a minimum of 25 plasma cells generally evaluated per FISH hybridization site. For D-FISH probes, at least 3 abnormal cells had to be identified to be considered positive. For trisomies, at least 5 cells with trisomy had to be identified to be considered positive. For monosomies and deletions, at least 5 cells with monosomy and at least 7 cells with deletion had to be identified to be considered positive. Less than 1% plasma cells in the bone marrow were considered insufficient numbers for FISH testing.
Cytogenetic subtypes were categorized into groups defined by IgH translocation (yes/no), trisomy (yes/no) and intermediate/ high-risk disease (yes/no): [t(4;14), t(14;16), t (14;20) , and del(17p) vs. others]. These classifications were based on cytogenetic abnormalities in clinical course and prognosis [39] .
Statistical considerations
The statistical methods for calculating the prevalence rates and risk ratios were previously described [8] . In summary, prevalence rates for MGUS were standardized to the US 2000 population by age group and sex. The same age-andsex-specific expected rates of MGUS were used for each individual, derived from the Olmsted County reference population described in Kyle et al. (2006) [4] . These expected rates were used as an offset in Poisson regression models to calculate risk ratios and compare categories of proband characteristics (age, gender, M-spike ≥ 1.5, heavy chain type, and cytogenetic classification). Although we had sufficient power for estimation of risk ratios within subgroups examined, we were limited in our comparisons across subgroups. The statistical power is dependent on the number of observed events. In our data, there were 75 firstdegree relatives who were found to have MGUS. Thus, for a potential risk factor with an approximately 50% and 25% prevalence, the smallest relative risk for differences between groups we can detect with 80% power and alpha of 0.05 is between 1.9-2.1, respectively. We considered a Bonferroni corrected statistically significant p-value of 0.007 for the risk of MGUS in first degree relatives by MM proband characteristics.
We also performed survival analyses (Kaplan-Meier and log rank test) among MM cases, for overall survival (censored at 15 years follow-up) by family history of MGUS. Finally, for comparisons between proband and relative pairs by gender, age, and heavy chain type, we used McNemar's tests. For probands with more than one family member with MGUS, we randomly selected one relative for these comparisons.
Secondary analyses subset to MM probands diagnosed in the state of Minnesota only were also performed since Olmsted County (referent group) is located in Minnesota and may more accurately represent the Minnesota cases.
Analyses were performed in SAS ® [Version 9.4 (SAS Institute, Cary NC)] and R version 3.2.3 (R Foundation for Statistical Computing, Vienna Austria) and code is available upon request.
Results

Characteristics of MM/SMM probands and their firstdegree relatives
A total of 430 probands (400 = MM/30 = SMM) and 1179 first-degree relatives were recruited and eligible for the study (Table 1) . Probands were primarily Caucasian (97.0%), more likely to be male (56.0%) and between 50-79 years of age (N = 369, 85.8%) ( Table 1) . First-degree relatives consisted of a larger proportion of females (58.7%) and siblings (62.8%) ( Table 1) . Of the 430 MM/SMM probands, 187 resided in Minnesota at the time of their diagnosis. When restricted to Minnesota diagnoses only, baseline characteristic distributions were similar (Supplemental Table 2 ). Characteristics of the 205 MM probands and 619 relatives from Mayo 1 [8] also showed similar trends to that of the full sample (Supplemental Table 3 ).
Age and gender distributions of MM probands who have a first-degree relative with MGUS (N = 68 probands) versus Values reported are n (%) MM multiple myeloma, SMM smoldering multiple myeloma MM probands whose first-degree relative did not have MGUS (N = 362) were similar. The mean age of MM cases with a family history was 62.5 years (SD = 9.9) vs. 61 years (SD = 10.3) for those without (P = 0.28). The proportion of males was also similar in both groups (55.9% and 56.1%, respectively, P = 0.98).
Prevalence of MGUS in first-degree relatives of MM/SMM probands
Of 1179 first-degree relatives ages 40 years and older, 75 were diagnosed with MGUS ( Table 2 ). The overall age and sex-adjusted prevalence of MGUS in first-degree relatives of MM probands was 5.8% overall, and 7.9% for ages 50+ years ( Table 2 ). The prevalence of MGUS increased with age of first-degree relatives from 1.9% in ages 40-49 years to 13.8% in ages 80+ years (Table 2) . Prevalence rates were consistent when previously published data (Mayo 1) was excluded [8] (Supplemental Table 4 ). When restricting to Minnesota diagnoses only (N = 187), the prevalence rates reflected similar trends but were even greater at older ages (Supplemental Table 5 ).
Risk of MGUS in first-degree relatives vs. Olmsted County population
MGUS prevalence rates in this study were substantially higher among first-degree relatives of MM/SMM probands compared to those seen in Olmsted County, across all age groups ( Table 2 ; Fig. 1 ). First-degree relatives of MM/SMM probands had a 2.4 fold increased risk of MGUS (95% CI: 1.9, 2.9) compared to the Olmsted County population. This was slightly higher among MM/SMM cases diagnosed in Minnesota (RR = 2.8, 95% CI: 2.1, 3.8) ( Table 3) . Analysis of the families recruited in Mayo 1 [8] also showed an increased risk in the overall sample (RR = 2.2, 95% CI: 1.6, 3.1) and when restricted to Minnesota (RR = 2.3, 95% CI: 1.4, 3.6). Differences in risk of MGUS in first-degree relative by MM/SMM proband characteristics were examined. First, comparisons were performed to test whether the increased risk of MGUS among first-degree relatives was unique to MM/SMM probands diagnosed at younger ages. Of the probands (N = 430), 27% were diagnosed younger than age 55 years (Table 3 ). There was no evidence that risk of MGUS in first-degree relatives was higher in younger probands: ≥55 years (RR = 2.6, 95% CI: 2.0, 3.3) compared to those < 55 years (RR = 1.9, 95% CI: 1.2, 3.1) (P = 0.29) ( Table 3) . Risk of MGUS in first-degree relatives was Table 3) . Of the 430 myeloma probands, 69% were IgG isotype and there was no evidence for difference between the risk of MGUS across the isotype categories (P = 0.50) ( Table 3) . Results for size of M-protein were less clear. Probands with M-spikes ≥ 1.5 g/dL or more had a higher risk of MGUS in first-degree relatives (RR = 2.7, 95% CI: 2.0, 3.4), while first-degree relatives of probands with lower M-protein levels also had an increased risk but of a lesser magnitude (g/dL) (RR = 1.7, 95% CI: 0.9, 2.9) and the difference was not statistically significant (P = 0.14) ( or del(17p)) with the majority (75%) defined as standard risk (Table 3) . Risk of MGUS in first-degree relatives was similar for probands with IgH translocation (RR = 2.6, 95% CI: 1.6, 4.0) and those without (RR = 2.5, 95% CI: 1.7, 3.3) (P = 0.86) ( Table 3) , as well as those with and without trisomies (RR = 2.7,95% CI: 1.9, 3.7 and RR = 2.2, 95% CI: 1.4, 3.3, respectively) (P = 0.43) ( Table 3 ). Risk of MGUS in first-degree relatives of probands with high-risk/ intermediate cytogenetic risk (RR = 3.3, 95% CI: 2.0, 5.2) was higher than the risk for relatives of MM probands without high-risk/intermediate mutational status (RR = 2.3, 95% CI: 1.6, 3.0), but this difference was not statistically significant (P = 0.20) ( Table 3) .
Characteristics of MM probands with a MGUS relative pair
Pairs of relatives were examined from the 68 families who had at least one first-degree relative with MGUS to compare characteristics of the MM proband and the MGUS relative. In families with two or more MGUS, one relative was randomly selected for the comparison. There was no evidence that the MM/MGUS relative pairs were more likely to have similar age at onset (P = 0.44), gender (P = 0.81) or heavy chain type (P = 0.48).
Survival analysis
Overall survival was compared for the 400 MM probands (excluding the SMM, n = 30) by family history of MGUS.
Kaplan-Meier curves demonstrate there was no difference in survival (censored at 15 years follow-up) between MM probands with a first-degree relative with MGUS (N = 62) compared to those with a first-degree relative without MGUS (N = 338) (HR = 0.93, 95% CI: 0.64, 1.35, P = 0.7) (Fig. 2) . Analyses were similar among the subgroup of Minnesota only diagnoses (P = 0.3) (data not shown).
Discussion
This study confirms a 2-3-fold increase in the prevalence of MGUS among first-degree relatives of patients with MM/ SMM compared to that of a general reference population (Olmsted County) [4] , using identical screening and diagnostic techniques. This is the largest study to examine risk of MGUS in first-degree relatives by clinical characteristics, including broad groups of cytogenetic subtypes of the MM/ SMM probands. Even with the limited power for comparisons of risk by clinical characteristics, we see similar risks for gender, isotype, heavy chain translocation and trisomies, and higher risk ratios for later age at onset. Further studies should investigate whether familial risk of MGUS is higher among first-degree relatives of MM/SMM probands with intermediate/high risk cytogenetics, defined by (t(4;14), t (14;16), t (14;20) , and del(17p)) and those with higher Mspike (≥1.5 g/dL or more), as our power was limited for these comparisons.
In the literature, there are few reports on whether familial MM and MGUS represent a more aggressive phenotype, in particular, defined by clinical characteristics and cytogenetics. Prior studies have estimated the risk of MM to be approximately 2.5 greater for those with (vs. without) a family history of MM [18, 40, 41] . Some studies have reported a decrease in the age at MM diagnosis in successive generations [13, 40, 42, 43] , suggestive of anticipation. Two prior studies suggested stronger associations of first-degree family history of MM and MM risk among MM cases diagnosed at younger ages [44, 45] . A recent pooled casecontrol study from the International Multiple Myeloma Consortium reported an overall increased MM risk for an individual with a first-degree relative with MM (OR = 1.9, 95% CI: 1.3, 2.9); this was stronger in MM cases diagnosed before 55 years [46] . VanValkenburg et al. also reported that MM risk was associated with a family history of MM (OR = 3.8, 95% CI 1.8, 8.1), particularly among cases with early (≤60 years; OR = 4.6, 95% CI: 1.2, 17.3) verses late onset disease (>60 years; OR = 3.4, 95% CI: 1.3, 9.0), although not statistically significant [44] . Family history of hematologic malignancies and risk of MM by clinical features have also been studied previously [44] . Relatives of patients with IgG/IgA MGUS had a 4.0-fold (95% CI: 1.7-9.2), 2.9-fold (95% CI: 1.7-4.9), and 20.0-fold (95% CI: 2.3-17.0) elevated risk of developing MGUS, MM, and lymphoplasmacytic lymphoma/Waldenstrom's macroglobulinemia, respectively [23] . Relatives of IgM MGUS patients had 5.0-fold (95% CI: 1.1-23.0) increased risk of chronic lymphocytic leukemia (CLL) and nonsignificant excess risk of MM and lymphoplasmacytic lymphoma/Waldenstrom's macroglobulinemia [23] . The results presented in the current study show no evidence for increased risk of MGUS in first-degree relatives with early age of MM proband or by isotypes. The inconsistency of results with the prior studies might suggest that differential genetic mechanisms are underlying aggregation of MM with MGUS compared to MM alone. Also, we were not able to comprehensively examine risk of other lymphoproliferative disorders, such as CLL and Waldenstrom's macroglobulinemia, in our data.
The genetic basis underlying the inherited risk of developing MM is largely unknown. Genome-wide association and whole exome sequencing studies have identified common (N = 17) [47] [48] [49] [50] [51] [52] and more recently, rare inherited susceptibility variants associated with increased risk of MM [53] . Rare, truncating mutations in lysine-specific demethylase 1 (LSD1/KDM1A), were found in one of 50 familial MM/MGUS kindreds examined, one early-onset case (<age 60 years) and 1.2% of MM patients unselected for family history. Additional somatic MM tumor analyses showed evidence of possible loss of heterozygosity (i.e., 1p deletion) in some of the family members carrying the LSD1/ KDM1A truncating mutation, indicating both germline and somatic changes in familial MM [53] . Further, of the common susceptibility variants, one was associated with increased risk of a specific MM subtype-Cyclin D translocation (t(11;14)(q13;q32) [50] These results support an association of germline variation with somatic changes in the tumor.
Given that familial clustering of MM and MGUS in these families is likely due at least in part to shared germline variation, we hypothesized that we would see differential clustering by MM subtypes and clinical characteristics. Contrary to our hypothesis and findings of LSD1/KDM1A mutations among early onset cases, our results did not support increased familial risk by early age of onset. Further, we also did not see strong evidence for differences in familial MGUS by clinical MM subtypes or tumor characteristics. Our negative results may be due to the fact that familial MM/MGUS is most likely driven by rare variants segregating within a small number of families and analyses combining these families together increase heterogeneity. Future studies should aim to collect more detailed germline and tumor sequencing data to allow these analyses. Given the array of clonal changes by MM subtypes, integrating germline-tumor will be useful. Further, our power was limited to conduct comparisons of familial clustering and evaluation by specific translocations, deletions and trisomies which may be the more relevant comparisons.
Survival analyses indicated no notable difference between overall MM survival in cases with and without a family history of MGUS. Few prior studies of survival by family history of MM or MGUS have been conducted with mixed findings. The largest to date showed a trend toward superior survival in MM patients with family history of lymphoproliferative disorders, compared to MM patients without family history among a study of N = 13,947 MM patients [54] . However, in an observational study comparing the prognosis of patients with lymphoma, leukemia, or MM from 55 multiple-case and 109 single-case families, patients from multiple-case families had an 8.3% poorer survival, however, no formal survival analyses for MM was conducted [55] . A strength of our study design is that none of the MM probands knew they had a family history of MGUS at diagnosis or had differential follow-up, eliminating a potential bias that relatives were screened because of a known family history. These results would be important to examine with larger samples sizes.
MGUS is a common condition and carries a lifelong increased risk of MM or other related malignancies [4, 7] . The confirmation of a significantly higher risk of MGUS in family members of MM/SMM has implications for clinical management of first-degree relatives of MM/SMM cases. In one study, MM patients with a prior history of MGUS had better survival than patients diagnosed with no antecedent MGUS history [56] . Similarly, a SEER-Medicare population analysis found that clinically recognized MGUS patients who are followed prior to their diagnosis of a monoclonal gammopathy-associated malignancy experience fewer major complications and have longer survival than those not followed [57] . Although these observations may be due to lead-time bias or other biological factors, it also raises the possibility that appropriate follow-up of MGUS may aid in the timely diagnosis of MM, preventing complications and prolonging survival. This may be particularly important for first-degree relatives of patients with MM/SMM who are at significantly higher risk of MGUS and MM.
Gerkes et al. proposed annual screening for MGUS, starting at age 40 years for individuals with more than one first degree relative, or those with one first-degree and at least one second-degree relative with MM [58] . However, to date, there is little evidence as to the benefit of screening and whether familial MGUS is more likely to progress to MM. Data from the iSTOP-MM trial in Iceland which is testing the value of screening for MGUS in the general population will be of value in this regard. As promising interventions to delay progression from MGUS to MM become available, first-degree relatives of any MM proband will be an important target population for early intervention. Despite the limitations of the data, in selected situations, such as multiple affected first-degree relatives, screening could be considered.
A limitation of our study is the primarily Caucasian population, including the MM probands, their relatives and the Olmsted County comparison population. The few studies performed in other racial/ethnic groups (including African American [20, 44] and Chinese [59] populations) also suggest an increased risk among relatives with a family history of MM. African American families with MM and MGUS in multiple generations have also been described [11, 60] . Another limitation is that information on other lymphoproliferative diseases in multiple generations was not assessed. Finally, our power for comparisons across clinical subgroups was limited, in particular for the analyses of M-protein size and intermediate/high risk subtype. Regardless of these limitations, this study is the largest of familial MGUS by clinical and tumor characteristics to date and one of the first to compare survival between MM cases with and without a family history of MM. Also, overall results were stronger among the subset of MM cases diagnosed in Minnesota, a population likely more comparable to the Olmsted County reference group.
Importantly, this study confirms the 2-3-fold increased risk of MGUS in first-degree relatives of MM probands regardless of age, gender or subtype of MM. Screening of first-degree relatives of MM cases could be considered in selected patients for follow-up and prevention strategies.
